Oil palm fronds biomass was used as a source for isolation of cellulose nanowhiskers (CNW), and its subsequent characterization was done. Non-cellulosic components such as lignin, hemicellulose, and pectin were removed from the biomass by chemimechanical alkaline hydrogen peroxide method followed by sulphuric acid hydrolysis having different time duration of hydrolysis. Apart from the progressive reduction in peaks characteristic of hemicellulose and lignin dissolution, FTIR spectroscopy analysis showed that there were no significant variations in peak positions, signifying that the hydrolysis did not affect the chemical structure of CNW. FESEM showed that there was gradual reduction in the aggregated structure of fiber due to bleaching. Nanoscale structure of CNW was revealed by TEM. XRD analysis revealed that the natural structure of cellulose I polymorph was maintained irrespective of the hydrolysis time. High thermal stability and aspect ratio of the extracted CNW demonstrated its suitability as a reinforcement material in nanocomposites.
INTRODUCTION
Challenges posed by dwindling availability of non-renewable fossil resources such as petrochemical-based non-biodegradable plastics has contributed to the search for alternative polymer materials that are environmentally friendly and recyclable (Khan et al. 2009; Peleteiro et al. 2015) . Polymeric composites are widely used due to their enhanced characteristics over plain polymer-based materials (Aprilia et al. 2015) . The use of lignocellulose biomass as reinforcement for polymer composites has received attention due to their abundance and recyclability (White et al. 2011; Davoudpour et al. 2015) . Recent advances in various lignocellulosic materials as fillers and reinforcement in polymers has represented a remarkable breakthrough in biopolymer-based materials. Cellulose nanowhiskers (CNW) have enticed significant attention as a reinforcement in polymer matrixes due to their exceptional blend of high physical properties and environmental benefits (Studart and Erb 2014) . Conventionally, nanofibres have been extracted from cotton due to its very high cellulose content. However, being an agricultural waste, the lignocellulosic material could be a cheap source of CNW.
The term CNW is used for materials such as cellulose nanocrystals (CNC), nanocrystalline cellulose (NCC), and cellulose crystallites (CC) (Zoppe et al. 2014; Brioude et al. 2015) . CNW are highly crystalline needle-shaped cellulose particles with one of its dimensions equal to or less than 100 nm (Sebe et al. 2012; Chen et al. 2014; Xu et al. 2014) . Even a very low amount of CNW incorporation as reinforcement material in polymer has been found to significantly improve thermal, mechanical, and barrier properties of composite materials as compared to the conventional composites (OsorioMadrazo et al. 2012; Chen et al. 2014) . This can be mainly attributed to a large specific surface area, very high modulus of elasticity, and high aspect ratio of CNW.
CNW production is a two-step process. The first step is cellulose extraction, which has an equal multidimensional approach. In this step, any of the following processes can be used: chemical treatment (pulping and bleaching), chemimechanical (chemical treatment and mechanical refining action), and chemo-mechanical (chemical extraction of cellulose fibre before mechanical fragmentation of the fibre). The second step is acid hydrolysis of the extracted fibre, which was pioneered by Rånby (1951) and is the most widely used procedure (Wang and Chen et al. 2013; Xu et al. 2014; Lamaming et al. 2015) . Acid hydrolysis process involves spontaneous dissolution of cellulose fibre into acid, based on the quicker hydrolysis kinetics (QHK) of the amorphous parts of cellulose. The acid penetrates the disordered cellulose fibre followed by breaking of its glycosidic bonds through the cleavage resulting in cellulose fibrils separation, releasing single and well-defined crystals. Natural cellulose is rich in such crystals (Khalil et al. 2014a) . Sulphuric acid hydrolysis is characterized by the introduction of sulphate based bulky ester groups onto the hydroxyl groups of cellulose. The introduction of ester groups stabilizes the CNW in solution through the electrostatic repulsion of the charged ester groups, thereby enhancing its dispersion in water hence preventing the clustering of nanowhiskers (Eichhorn et al. 2010) . The application of CNW as a reinforcing agent in nanocomposite depends on its morphology and properties (Eichhorn et al. 2010) . The morphology and properties of CNW are greatly influenced by the source of fibre, acid-to-cellulose ratio in acid hydrolysis, hydrolytic temperature, hydrolysis time and the acid concentration.
Recently, researchers have reported the isolation of nanocrystalline cellulose from empty fruit bunch (EFB) using chemo-mechanical process followed by acid hydrolysis (Jonoobi et al. 2010; Fahma et al. 2011 ), while Haafiz et al. (2014 prepared CNW from micro crystalline cellulose obtained from EFB. Isolation of cellulose nanocrystals from oil palm trunk (OPT) using modified chemi-mechanical method followed by acid hydrolysis has also been reported (Lamaming et al. 2015) . However, no study has been reported on the isolation of CNW from oil palm fronds using chemimechanical alkaline hydrogen peroxide method followed by sulphuric acid hydrolysis having different time duration of hydrolysis. The objective of this work was to investigate the effect of acid hydrolysis time on morphology, thermal, spectra, and crystallinity of the isolated CNW. The analysis included field emission scanning electron microscope (FESEM), Fourier transmission infrared spectroscopy (FTIR), crystallinity index, crystal size dimension, and thermogravimetric analysis.
EXPERIMENTAL

Materials
Freshly pruned oil palm fronds (OPF) was obtained from oil palm plantation in Perak, Malaysia. The hydrogen peroxide (30%), sodium hydroxide pellet (≥97%), glacial acetic acid (99.5%), sodium chlorite (NaClO2) (80%), and sulphuric acid (98%) of Sigma-Aldrich (USA) specification were procured from local chemical vendors.
Characterization of the OPF cellulose fibre
OPF fibre was chemically analyzed by TAPPI (Technical Association of the Pulp and Paper Industry) standard methods. Prior to the chemical analysis the fibres were subjected to extractive removal with ethanol/benzene [1:2 (v/v)] using Soxhlet extraction for 6 hours. The TAPPI standard methods T 212 om-93, T 203 os-74, and T 211 om-93, were used for determining the alpha-cellulose, lignin, and ash content, respectively.
Preparation of Bleached OPF Cellulose Fibre
The supplied OPF was allowed to undergo field retting for three weeks to ease the extraction of vascular bundles of fibres. The extracted vascular bundles were cut into 4 to 5 cm lengths, washed thoroughly with distilled water at ambient temperature ( The procedure of isolation of CNW was earlier reported by Fahma et al. (2011) , and in the present study it was adopted and modified. Seventy grams of OPF fibres was mixed with distilled water at a fibre-to-water ratio of 1:10 and heated at 70 o C for 30 min to remove water soluble extractives from the biomass. Obtained slurry was pressed at 15 psi pressure to separate fibres from dissolved water soluble extractives. Fibre was then placed in plastic bag. A mixture of alkaline hydrogen peroxide (AHP) liquor (H2O2 : NaOH : 5:4 (v/w)) was prepared and added to the fibre in the plastic bag at 1:10 solid to liquor ratio.
The polyethylene bag containing reaction mixture was kept for 1 h at 70 o C. During this process lignin and hemicellulose were dissolved (Naran et al. 2009; Banerjee et al. 2011; Liu et al. 2015) , and the resulting pulp slurry was pressed at 15 psi and refined using DD series double disc refiner (Finland Metso corporation) operated at 120 kw power at 5% consistency.
The extracted fibre was thoroughly washed with distilled water. Obtained fibres were bleached in acidified NaClO2 solution at 70 o C for 1 h and subsequently washed with distilled water.
Isolation of CNW
CNW were isolated from the bleached OPF according to the procedure by Ellazzouzi et al. (2007) and Wang et al. (2013) . Five grams of the bleached fibre was mixed with 8.75 mL/g sulphuric acid (64% w/w) with constant stirring at different time durations (15, 30, 45 , and 60 min) at 45 o C. The acid hydrolysis was terminated by adding excess distilled water, and the hydrolyzed solution was filtered by fine porosity Büchner Funnel, Glass Frit (model number 60240). The filtrate was centrifuged for three cycles at 10,000 rpm for 10 min. The nanowhisker pellet was finally washed by membrane dialysis until the pH of neutrality was achieved. The prepared CNW was subjected to air drying at 30 o C for 72 h and milled for seven hours using an electrical powered Stainless steel interchangeable jar Laboratory Ball Mill equipped with hardened steel balls. The yield was expressed in weight percentage of oven dried CNW to raw OPF fibre.
Characterization
Morphology characteristics
Morphological changes in the CNW were monitored with the help of a LEO Supra 50 Vp FESEM equipped with secondary, backscattered electron and EDX detectors. The FESEM system operated in variable N2 gas pressure. Prior to analysis samples were gold-sputtered with the aid of sputter coater model Polaron SC 515 ± 20 nm sample size thickness.
Transmission electron microscope (TEM)
A Philips CM 12 device was used to measure the structural dimension distribution of the CNW. A drop of sonicated diluted OPF-CNW was placed on copper grids coated with a carbon support film for observation. The specimens were stained with one small drop of 2% uranyl acetate to improve the viewing contrast while excess liquid stain on the copper grid surface was blotted by filter paper. A total of 20 fibres of each sample were measured and the result was reported as the mean with their standard deviation values.
Thermal Analysis
Thermal stability tests of the CNWs were carried out using 9 mg of each sample by means of Perkin-Elmer TGA 7. Thermal decomposition of the CNWs was observed between temperature ranging from room temperature to 800 o C at a heating rate of 10 o C/min under N2 atmosphere to prevent any thermoxidative degradation of samples.
Fourier Transform Infrared (FTIR) Spectroscopy Analysis
Changes in chemical constituent of CNWs fibre were monitored with the aid of a Nicolet infrared spectrophotometer (Avatar 360 FT-IR E.S.P). About 1 mg of the sample were pulverised and mixed with 99 mg of KBr. The mixture was then introduced into a hollow chamber and pressed to make a small pellet. The spectra produced were in transmittance mode between wave numbers 4000 cm −1 to 400 cm −1 .
X-ray diffraction (XRD) analysis
The crystallinity index (CrI) of the dried CNW powder was analyzed using XRD with Ni-filtered CuKα radiation (wavelength of 1.5406 Å) at 40 kV and 40 mA. The 2θ ranges from 5° to 60°, samples were scanned at 2 o per minute. The crystallinity index CrI was calculated according to Segal et al. (1959) , using Eq. 1, Taking k as the Scherrer constant (0.84), λ is the X-ray wavelength (1.54 nm), B in radians is the full width at half maximum (FWHM) of I002 diffraction peak and θ the corresponding Bragg angle.
Statistical analysis
Obtained results were evaluated using analysis of variance (ANOVA) followed by Duncan's multiple range test at 95% confidence while all the data were reported as mean with the standard deviations (±SD). Three samples were taken for every treatment and each sample was further analyzed in triplicates.
RESULTS AND DISCUSSION
Chemical Analysis
Comparative chemical analysis of OPF biomass with respect to other oil palm biomass is presented in Table 1 . It was observed that all the oil palm biomass exhibited high cellulose content, which is an advantage for its suitability as alternative source to cotton or microcrystalline cellulose for the extraction of CNWs (Law et al. 2007; Abdul Khalil et al. 2008; Hashim et al. 2010) . OPF vascular bundles have lower lignin and hemicellulose contents compared to the other fibrous oil palm biomass; this is an added advantage for easy extraction of CNWs. Thus in the present study, OPF was used for the extraction of nanowhiskers using bleaching and hydrolysis. The images reveal that there were morphological changes in fibers during the bleaching process. Raw bamboo fiber is mainly composed of lignin, hemicelluloses, and waxy materials (Mustafa et al. 2011) , which typically gave rough and irregular surface to raw fiber (Fig 1a) . The surface of fibers appear to be uniform and smooth in SEM image a b of bleached fiber (Fig 1b) due to removal of non-cellulosic materials. This also resulted in liberation of individual fibers cemented by non-cellulosic materials. TEM images of the nanowhiskers suggest that the acid hydrolysis resulted in removal of amorphous and non-crystalline impurities such as pectin and hemicellulose that constitute the cementing components around the raw fibre bundles. Acid hydrolysis successfully removed amorphous regions from fibre through transverse cleavage of microfibril fibres into free and individualized CNW (Battista 1950; Battista and Smith 1962) . As the hydrolysis time increased, the observed number of CNW also increased. Table 2 shows the comparison between dimensions of extracted CNW by different hydrolysis times from OPF fibre with other common lignocellulose fibres. The result shows that there was gradual reduction in the yield of the CNW as the hydrolysis time increased. In the present study, the yield of CNW-45 was higher than an earlier report on OPT by Lamaming et al. (2015) . This improvement in the yield could be attributed to the modification in extraction procedure of CNW. Furthermore, diameter of CWN had a gradual decrease as the hydrolysis time increases. This might be due to the progressive removal of the amorphous portion of cellulose fibre with increase in hydrolysis time. The results in Table 2 show that the aspect ratio (L/D) of OPF-CNWs was comparable with the CNW extracted from other biomass. The aspect ratio of all the CNWs samples was more than 10, which is the minimum required value for nanowhisker for adequate transfer of mechanical stress at matrix/filler interface of nanocomposites (Johari et al. 2016) . High aspect ratio of CNW is vital because it strengthens various mechanical properties of the composites. CNW improves the functional properties of reinforced materials by introducing crystallinity in nanocomposites (Johar et al. 2012 ). Table 2 also shows that there was remarkable difference in the length of CNW as the hydrolysis duration time changed. As a result of strong conditions of acid hydrolysis, cellulose fibres are usually characterized with cleavage at the amorphous region of microfibrils transversely, which resulted in reduction in fibre diameter from microns to nanometers (Chen et al. 2014; Fahma et al. 2011) . The transverse cleavage of amorphous part during hydrolysis might explain that why the fibre length increases and fibre diameter reduces with hydrolysis time (Fahma et al. 2011; French et al. 2013) . Sulphuric acid penetrated the amorphous region, causing hydrolytic cleavage of the glycosidic bonds thereby releasing the individual crystalline fibres. .
Electron Microscopy
Thermal Analysis
Thermal stability of the raw OPF sample and CNW produced at different hydrolysis time is shown in Fig 3.   Fig. 3 . TGA curves of raw and CNW samples at different hydrolysis time.
The TGA curves showed that there were three stages of weight loss (Fig. 3) . First stage was attributed to the moisture removal from fibres between 50 o C to 110 o C. The curves showed additional weight loss in cellulose fibre and nanowhiskers when further heated (Lamaming et al. 2015; Zeni et al. 2016) . The second phase of weight loss is attributed to the hemicellulose and cellulose degradation (Fahma et al. 2011; Owolabi et al. 2016) C, respectively. Degradation of raw fibres commenced before the degradation of CNWs. This difference was due to the degradation of wax, pectins, and other extractives present in raw biomass (Jahan et al. 2016) . A sharp curve recorded at 290 o C for raw fibre was due to hemicellulose degradation (Banerjee et al. 2011) . The high thermal stability of CNWs could be due to the higher degree of crystallinity after the hydrolysis (Jonoobi et al. 2010) . The thermal analysis of raw fiber showed that higher percentage of weight residue was left at the end of thermal degradation as compared to the CNWs. This was due to the presence of lignin in raw samples.
Crystallinity of the Cellulose Nanowhiskers
Results of XRD analysis of CNWs are shown in Fig. 4 . The graph shows two peaks that are characteristic of cellulose I type of natural fibre, as independently reported by Fahma et al. (2011) and French et al. (2013) , indicating that hydrolysis did not alter the natural cellulose structure in CNWs. Furthermore, decrease in crystallinity size of nanowhiskers was observed with increase in hydrolysis time (Table 3) . Similar results were earlier reported for the extraction of CNW using different hydrolysis time for other oil biomass (Table 3 ). The progressive increase in the percent crystallinity was attributed to the cleavage of glycosidic bonds as the sulphuric acid penetrates the amorphous region of the cellulose (Fahma et al. 2011; French 2014) . It was also observed that there was no significant difference between crystallinity % of CNW-45 and CNW-60. Fahma et al. 2011; 2 Lammaming et al. 2015) The crystallinity index of CNW extracted from oil palm trunk (OPT) by Lammaming et al. (2015) was higher than the crystallinity observed in the present study, which could be attributed to the mild pre-treatment of OPT by hot water. The crystallinity size was reduced with hydrolysis (Table 3 ). It was reported that mechanical pre-treatment such as pulping of fibres changes the crystallinity size (Owolabi et al. 2016) . Change in size was attributable to the breaking of intermolecular hydrogen bonds of cellulose during refining, causing the collapse of the crystal structure of the cellulose fibre French 2014) . This phenomenon increases with the acid hydrolysis time, and hence a reduction in crystalline sizes was observed. The crystalline region is highly resistant to acid hydrolysis; however, it might get slightly degraded by acid hydrolysis at high acid concentrations and longer exposure time (Elazzouzi-Hafraoui et al. 2007; Chen et al. 2014) . In the present study, degradation of crystalline region occurred as indicated by a decrease in crystallinity size of the CNWs. 6751
FTIR
The FTIR spectra of CNWs isolated from OPF are shown in Fig. 5 . Similarity in spectral profiles and comparable intensities of CNWs and raw fiber confirmed that the sulphuric acid hydrolysis did not significantly change the chemical nature of the nanowhiskers. This result is in agreement with already published reports on nanocrystal formation through acid hydrolysis of oil palm biomass and lignocellulose biomass (Fahma et al. 2011; Yang et al. 2014; Zeni et al. 2016; Lamaming et al. 2015) .
FTIR spectra of the CNWs bands were dominated by a peak between 3381 and 3406 cm −1 due to OH groups stretching vibrations as highlighted from section A on the spectra profile. This peak was observed in all samples due to the presence of hydroxyl groups in cellulose, hemicelluloses, and lignin (Zoppe et al. 2014; Lamaming et al. 2015) . Bands between 2904 and 2921 cm −1 (section B) were assigned to saturated aliphatic C-H stretching characteristics of methylene groups in cellulose (Habibi et al. 2010) . The peak at 1734 cm -1 (section C) in the raw OPF and as shoulder spectra in CNW-15 spectra is assigned to the C=O stretching of the acetyl of uronic ester groups in hemicelluloses or to the ester linkage of carboxylic group of the ferulic and -coumaric acids of lignin that is non-conjugated to the aromatic ring (Wang and Chen 2013) . This spectra peak was further reduced to a shoulder in CNW-30, and it later disappears in CNW-45 and CNW-60, indicating the removal of hemicellulose. The presence of carboxylate groups was indicated by the peak from 1608 to 1640 cm -1 in CNW (section D) and assigned to the bending mode of absorbed water (Khalil et al. 2014b) . The peak at 1598 cm −1 and 1426 cm −1 (section E) corresponded with C-H deformations and aromatic ring vibrations in the nanowhiskers, respectively (Qiao et al. 2016 , Pouyet et al. 2014 ). Such absorbance is common for all the nanowhisker lignin fractions and indicates the identical degree of aromaticity. This is evidenced by the amount of the residual char after the thermal degradation of the nanowhiskers as demonstrated by TGA (French and Cintrón 2013) . The increased spectra bands at 897 cm −1 in all CNWs spectra could be attributed to the β-glycosidic linkages of glucose ring of cellulose indicating that the nanowhiskers have high cellulose content (Zeni et al. 2016; Habibi 2014) .
CONCLUSIONS
1. Cellulose nanowhiskers were successfully isolated from waste oil palm fronds, which are abundant biomass in Malaysia, through sulphuric acid hydrolysis using four different time lengths.
2. Results showed that the crystallinity size and aspect ratio changed with hydrolysis time, indicating that hydrolysis is an important factor in determining the properties of cellulose nanowhiskers (CNW).
3. Hydrolysis did not affect the cellulose 1 polymorph of nanowhiskers.
4. Among all the CNWs, CNW-45 might be the best possible choice as a reinforcing agent due to its highest aspect ratio, crystallinity percentage, and moderate crystallinity size.
5. The cheap and general availability of the biomass will contribute towards economic advantage of cellulose nanowhiskers from oil-palm frond (OPF).
